Direct growth of Fe3O4-MoO2 hybrid nanofilm anode with enhanced electrochemical performance in neutral aqueous electrolyte  by Li, Ruizhi et al.
Progress in Natural Science: Materials International 26 (2016) 258–263H O S T E D  B Y Contents lists available at ScienceDirectProgress in Natural Science: Materials Internationalhttp://d
1002-00
(http://c
n Corr
E-m
1 Th
Peer rjournal homepage: www.elsevier.com/locate/pnsmiOriginal ResearchDirect growth of Fe3O4-MoO2 hybrid nanoﬁlm anode with enhanced
electrochemical performance in neutral aqueous electrolyte
Ruizhi Li a,b,1, Xin Ba b,1, Yimeng Wang b, Wenhua Zuo b, Chong Wang b, Yuanyuan Li c,
Jinping Liu a,b,n
a School of Chemistry, Chemical Engineering and Life Science, and State Key Laboratory of Advanced Technology for Materials Synthesis and Processing,
Wuhan University of Technology, Wuhan, Hubei 430070, China
b Institute of Nanoscience and Nanotechnology, Department of Physics, Central China Normal University, Wuhan, Hubei 430079, China
c School of Optical and Electronic Information, Huazhong University of Science and Technology, Wuhan, Hubei 430074, Chinaa r t i c l e i n f o
Article history:
Received 30 March 2016
Accepted 20 April 2016
Available online 30 May 2016
Keywords:
Magnetite
MoO2
Supercapacitor
Binder-free anode
Hybridizationx.doi.org/10.1016/j.pnsc.2016.05.003
71/& 2016 Chinese Materials Research Societ
reativecommons.org/licenses/by-nc-nd/4.0/).
esponding author.
ail address: liujp@whut.edu.cn (J. Liu).
ese authors contributed equally to this work
eview under responsibility of Chinese Materia b s t r a c t
To enhance the electrochemical energy storage performance of supercapacitors (SCs), the current re-
searches are general directed towards the cathode materials. However, the anode materials are relatively
less studied. In the present work, Fe3O4-MoO2 (FO-MO) hybrid nano thin ﬁlm directly grown on Ti
substrate is investigated, which is used as high-performance anode material for SCs in Li2SO4 electrolyte
with the comparison to pristine Fe3O4 nanorod array. The areal capacitance of FO-MO hybrid electrode
was initially found to be 65.0 mF cm2 at 2 mV s1 and continuously increased to 260.0% after 50 cycles
of activation. The capacitance values were considerably comparable or higher than many reported thin-
ﬁlm iron oxide-based anodes in neutral electrolyte. With the protection of MoO2 shell, the FO-MO
electrode developed in this study also exhibited excellent cyclic stability (increased to 230.8% after 1000
cycles). This work presents a promising way to improve the electrochemical performance of iron oxide-
based anodes for SCs.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With the development of electrochemical energy storage de-
vices, enormous efforts have been made to improve the power and
energy densities along with long-cycle life to meet the increasing
demands for future consumer electronics and electric vehicles
[1,2]. Supercapacitors (SCs), also called as electrochemical capaci-
tors, are an attractive solution to such requirements [3–5]. SCs are
able of charging and discharging at a very high rate in combination
with high power density and long lifetime [6–8]. However, to meet
the increasing performance requirements for next-generation
electronic devices and emerging application ﬁelds, the energy
density of SCs needs to be further increased. Based on the charge
storage mechanism, SCs can be classiﬁed into two kinds: electric
double layer capacitors (EDLCs) and pseudo-capacitors [9,10]. In
contrast to EDLCs, charge storage of pseudo-capacitors arises from
a reversible Faradaic reaction of the electrode material. Thus,
pseudo-capacitors have demonstrated much higher energyy. Production and hosting by Elsev
.
als Research Society.density than that of EDLCs [11–13], making them much more at-
tractive in recent years.
Transition metal oxides are typical pseudo-capacitive materials
which have high speciﬁc capacitance[14]. For example, the state-
of-the-art ruthenium oxide shows high speciﬁc capacitance of
2200 F g1 with good electrical conductivity [15]. However, the
utilization of ruthenium oxide is limited by its high cost and en-
vironmental toxicity [16,17]. On the other hand, the most in-
vestigated metal oxide pseudo-capacitive materials such as MnO2,
CoOx and NiO are typically cathode materials (positive). It is
therefore highly necessary to develop promising transition metal
oxide anodes (negative) for use in future SCs.
With the purpose of pushing the limit of energy density the
advanced anode materials with higher capacitance and con-
ductivity are greatly desired. In this regard, iron oxides such as
Fe3O4 hold great promise due to their relatively large theoretical
speciﬁc capacitance, low cost, nontoxicity and natural abundance
[18–21]. In particular, Fe3O4 possess high hydrogen evolution po-
tential in aqueous electrolyte and has a high electrical conductivity
(2104 S m1) than most other metal oxides [22]. These make
Fe3O4 a promising candidate as anode in asymmetric SCs. How-
ever, the electrochemical capacitance of Fe3O4 in neutral solutions
is not as excellent as in alkaline solutions, especially when theier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1. SEM images of (a) the precursor, (b) Fe3O4 nanorod array and (c) optimized FO-MO hybrid nanoﬁlm (1 cycle deposition) respectively, (d) XRD pattern of the FO-MO
electrode.
R. Li et al. / Progress in Natural Science: Materials International 26 (2016) 258–263 259potential window is narrow [23,24]. To overcome this limitation,
much effort has been devoted to developing nanostructured Fe3O4
and its hybrid electrodes.
In this work, we report a rational and direct growth of
Fe3O4-MoO2 (FO-MO) hybrid nanoﬁlm electrode, in which MoO2
coated on the surface of Fe3O4. Thanking to the relatively high
electrical conductivity of spinel Fe3O4, the fast and direct electron
transport channel as well as robust electrical contact would ensure
by the direct alignment of nanorods on current collector; the in-
terspacing between nanorod individuals can further help the
electrolyte penetration and result in a lower interfacial resistance
[25–29]. These make the architecture of aligned nanorods array
most efﬁcient in terms of reaction kinetics. MoO2 was previously
investigated as a pseudocapacitive material due to its low toxicity,
low cost, and low metallic resistivity (8.8105Ω  cm), etc. [30–
35]. The MoO2 shell not only functions as a conducting layer for
electron transport, but also can buffer the volume change of the
inner Fe3O4 during the hash electrochemical reactions. With the
elegant combination of MoO2 and Fe3O4, our hybrid nanoﬁlm
demonstrates well-deﬁned electrochemical features in Li2SO4
aqueous electrolyte and exhibits fast charging/discharging rate
(within seconds), high areal capacitance (initial 65 mF cm2) and
increased capacitance during cycling (after 1000 times, changed to
230.8%).2. Experimental
2.1. Preparation of pristine Fe3O4 nanorod array
The pristine Fe3O4 nanorod array was ﬁrstly fabricated usinghydrothermal method with post-annealing process. Typically,
0.946 g FeCl3 H2O and 0.497 g Na2SO4 was weighed and mixed in
a 70 mL solution of deionized water. The mixed solution added to
a Teﬂon-lined stainless steel autoclave with a thin Ti foil and kept
at 160 °C for 6 h. The resulting sample of FeOOH on Ti foil col-
lected, dried, and annealed at 600 °C for 2 h in Ar gas to obtain
Fe3O4 nanorod array.2.2. Preparation of FO-MO hybrid nanoﬁlm
For the synthesis of FO-MO hybrid electrode the electro-
deposition was carried out on a CS310 electrochemical work-
station with a three-electrode model using Fe3O4 nanorod array as
the working electrode, a Pt foil as the counter electrode, and an
Hg/HgO as the reference electrode. The 3.7 g (NH4)6Mo7O24 and
0.3 g glucose dissolved in a 60 mL solution of deionized water as
the electrodeposition bath. The electrodeposition was performed
using cyclic voltammetry within 0 to 1 V at a sweep rate of
20 mV s1 for different cycles 1–10 cycles). After the electro-
deposition the product was annealed at 550 °C for 1 h in Ar gas to
obtain MoO2-coated Fe3O4 nanoﬁlm.2.3. Characterizations of Fe3O4 and FO-MO electrodes
The morphology and composition were investigated using
scanning electron microscopy (SEM, JSM-6700F) and XRD (Bruker
D-8 Avance). The mass of the active materials was measured on an
AX/MX/UMX Balance (METTLER TOLEDO, Maximum¼5.1 g;
d¼0.001 mg).
Fig. 2. SEM images of the FO-MO hybrid electrode with the MoO2 deposition cycle number of (a)2, (b)5, (c)7, and (d)10 respectively.
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All the electrochemical measurements were carried out using a
CS310 electrochemical workstation, and three-electrode mode was
employed with Fe3O4 nanorod array or FO-MO hybrid nanoﬁlm as
the working electrode, a Pt foil as counter electrode and an Hg/
HgO as reference electrode in 1 M Li2SO4.3. Results and discussion
Fig. 1(a) shows a typical SEM image of the ﬁlm after the hy-
drothermal growth. At this stage precursor of FeOOH obtained
[29]. A homogeneous vertically aligned nanorods (needle-like with
a mean diameter of 80 nm) were grown on current collector.
After the subsequent annealing, the Fe3O4 nanorods ﬁlm with si-
milar orientation obtained, as shown in Fig. 1(b). Dehydration and
subsequent phase transformation lead to wrinkled surface and
fusion of some Fe3O4 nanorods. Fig. 1(c) illustrates the nanorod
ﬁlm after 1 cycle electrodeposition of MoO2 (1 cycle FO-MO).
Apparently, the surface of Fe3O4 nanorods covered by MoO2 shell
with morphology of array structure almost maintained; in addi-
tion, the interspacing between individual rods also continuously
ﬁlled with MoO2. The composition of the FO-MO hybrid nanoﬁlm
was determined using XRD, and the result is shown in Fig. 1(d). In
addition to the peaks from Ti substrate (JCPDS card no. 1-1198) at
38.63° etc., the other sharp peaks can be well indexed to Fe3O4
(JCPDS card No. 3-863) and MoO2 (JCPDS card no. 76-1807).
In general, for the increasing electrode areal capacitance the
MoO2 deposited on unit area is expected to be as much as possible.
However, the electrochemical performance, at the same time, isnecessary to remain good, and the hybrid structure should be
stable. The redundant amount of MoO2 coating is harmful to ion
diffusion into the inner Fe3O4 core and may destroy the well-or-
dered electrode structure; this makes the balanced hybridization
of MoO2 and Fe3O4 highly necessary. To clarify this, the different
electrodeposition cycles applied for comparison. From the SEM
images (with 2, 5, 7, 10 electrodeposition cycles; Fig. 2), we found
that the thickness of MoO2 increases with electrodeposition times.
When the electrodeposition times increases to more than one,
MoO2 becomes a thick ﬁlm above Fe3O4 array like a blanket. The
thickness of MoO2 layer varies from several hundred nm to μm
scale, much larger than the length of Fe3O4 nanorod (550 nm).
The relatively massive MoO2 coating has made the Fe3O4 array ﬁlm
cracked and will not be good for electron transport and ion
diffusion.
The electrochemical performance of the Fe3O4-based electrodes
was determined by a three-electrode cell in 1 M Li2SO4 electrolyte.
To investigate the role of MoO2 shell in the FO-MO structure, the
electrochemical data of pristine Fe3O4 nanorod array electrode
presented for comparison. All the Fe3O4-based electrodes activated
for 30 cycles to achieve characteristic electrochemical behavior.
We ﬁrst unveil the electrochemical property of pristine Fe3O4
electrode in a wide potential window, which was previously not
concerned. Fig. 3(a) displays the CV curves of pristine Fe3O4 elec-
trode within the potential range from 1.25 to 0 V at
10–200 mV s1. For instance, at 50 mV s1, the CV curves have an
obvious pair of redox peaks at 0.51 and 0.94 V, respectively.
The presence of obvious redox peaks indicates good electro-
chemical performance attributed to the Fe valance state change
[36]. It is the ﬁrst time for Fe-based oxide electrode to demon-
strate such a pair of sharp redox peaks in neutral electrolyte. This
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
-0.003
-0.002
-0.001
0.000
0.001
0.002
0.003
C
ur
re
nt
 D
en
si
ty
 (A
 c
m
)
Potential (V)
10 mV s  20 mV s
 50 mV s  100 mV s
 200 mV s
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0
15
30
45
60
75
Scan Rate (mV s )
A
re
al
 C
ap
ac
ita
nc
e 
(m
F 
cm
)
Current Density (mA cm )
Fe O
0 50 100 150 200
0 200 400 600 800 1000
0
4
8
12
16
20
24
A
re
al
 C
ap
ac
ita
nc
e 
(m
F 
cm
)
Cycle
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0 25 50 75 100 125 150 175
Time (s)
P
ot
en
tia
l (
V
)
 0.17 mA cm
 0.33 mA cm
 0.67 mA cm
 1 mA cm
 2 mA cm
 2.67 mA cm
Fig. 3. The pristine Fe3O4 electrode: (a) CV curves at various scan rates, (b) discharge curves at various current densities, (c) areal capacitance as functions of scan rate and
current density, respectively, (d) cycling performance.
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within narrow potential window of around 0.8 to 0 V, which
could not achieve the full Fe(III)⇌Fe(0) transformation. Fig. 3(b)
further displays the galvanostatic discharging curves at various
current densities for pristine Fe3O4 electrode. The curves are not
standard linear but with relatively sloping plateau, which match
with CV redox peaks. Using the CV and galvanostatic discharging
curves to calculate, we get the areal capacitance at each scan rate
(red line) and current density (black line), as shown in Fig. 3(c).
The highest capacitance was found to be 76.0 mF cm2
(158.3 F g1) at 2 mV s1 . This value is comparable or higher as
compared to many reported iron oxide electrodes in neutral
electrolyte ( 173 F g1 at 3 A g1 [37], 163.4 F g1 at 1 A g1
[38], 118 F g1 at 2 A g1 [23], 137.95 F g1 at 2 mV s1 [39]).
Capacitance of 7.5 mF cm2 was still maintained even when the
scan rate increases 100 times to 200 mV s1; this value is still
larger than that of pristine Fe3O4 electrode tested in narrow po-
tential window at low scan rates (5.156 mF cm2) [29]. For SCs,
one of the most important requirements should be the good cycle-
ability. The long-term cycling capability of pristine Fe3O4 electrode
was determined at 20 mV s1 for 1000 cycles. As illustrated in
Fig. 3(d), the capacitance reaches the maximum at the 500th cycle
but decreases continuously to 1000 cycles. That means the elec-
trochemical stability of pristine Fe3O4 electrode needs further
improvement.
The electrochemical performance of FO-MO hybrid nanoﬁlm
electrodes was studied as well. Note that the hybrid electrodeswith MoO2 deposition of 5, 7 and 10 cycles did not tested since the
ﬁlm structure had been severely destroyed, as seen in Fig. 2. Unlike
pure Fe3O4 electrode, the CV curves of 1 cycle MoO2 deposition
hybrid electrode are almost rectangular without sharp redox peaks
at scan rates ranging from 2 to 200 mV s1 (Fig. 4). This phe-
nomenon indicates good capacitive performance resulting from
the near-surface lithium ion intercalation/de-intercalation with
MoO2 shell. Fig. 4(b) further illustrates the typical discharge curves
at various current densities. In contrast to pure Fe3O4 electrode,
the FO-MO hybrid electrode does not exhibits discharge plateau
regardless of the current density. According to the CV and dis-
charge data, the relationship between areal capacitance and scan
rate (red line) or current density (black line) can be obtained, as
shown in Fig. 4(c). A high initial areal capacitance of 65.0 mF cm2
is attained at 2 mV s1. Attributing to the rational combination of
Fe3O4 and MoO2, the rate performance of the hybrid electrode
improves (10.9% retention of initial capacitance when the current
increases 100 times; pure Fe3O4: 9.8%). In order to further un-
derstanding the effect of MoO2 deposition, the electrochemical
impedance spectra (EIS) performs in Fig. 4(d). The EIS spectra
consist of a negligible semicircle at high frequency region and a
spike at low frequency. For FO-MO electrode, the bulk solution
resistance (Re) value is 9.44Ω (smaller than that of pure Fe3O4:
10.45Ω) and the charge transfer resistance (Rct) is 0.36Ω, in-
dicating a relatively low resistance and facile charge transfer in our
hybrid electrode.
It is worthy to mention that the 1 cycle FO-MO hybrid electrode
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R. Li et al. / Progress in Natural Science: Materials International 26 (2016) 258–263262shows a remarkable cycling capability with 230.8% increase in
capacitance (achieving the highest capacitance among different
samples) after 1000 cycles (Fig. 4(e)). This also demonstrates the
important role of MoO2 in enhancing the cyclic endurance and
capacitance. The cycling performance of the 1 cycle FO-MO elec-
trode (optimized) is superior to many reported FeOx-based elec-
trodes in neutral electrolyte, such as, Fe3O4 nanoparticles (60%,
1000 cycles, in 1 M Na2SO4) [40], α-Fe2O3 mesoporousnanostructures (74%, 1000 cycles, 1 M Li2SO4) [18], Fe3O4 octa-
decahedrons (89%, 500 cycles, 1 M Na2SO3) [23], Fe3O4 nano-
wires (75%, 500 cycles, 0.1 M Na2SO3) [41], pyrrole treated-Fe3O4
nanowires (84%, 500 cycles, 0.1 M Na2SO3) [41], and α-LiFeO2 na-
noparticles (100%, 500 cycles, 0.5 M Li2SO4) [42]. Nevertheless, it
should emphasize that the amount of MoO2 has signiﬁcant effects
on the cycleability and capacitance of the FO-MO hybrid electrode.
For example, the 2 cycle FO-MO electrode shows a relatively worse
R. Li et al. / Progress in Natural Science: Materials International 26 (2016) 258–263 263cycling performance than the 1 cycle FO-MO (139.9% retention;
but better than pristine Fe3O4 electrode). The capacitance is also
much smaller. This is because that thick MoO2 shell may prevent
ion diffusion into inner Fe3O4, which makes Fe3O4 nanorod array
not fully utilized (thus cannot contribute entirely to capacitance).
For the 1 cycle FO-MO electrode, the areal capacitance does not
have superiority in the ﬁrst several cycles, but it rapidly increases
to the highest after the 50th cycle. For the 2 cycle hybrid electrode,
however, this does not happen. The above results probably de-
monstrate that ions in the electrolyte can eventually penetrate
from the 1 cycle MoO2 shell into inner Fe3O4 after tens of cycles of
activation. But with thicker MoO2 such as 2 cycle's deposition, this
penetration process is impossible. In addition, with the MoO2
coating (1 cycle deposition) optimization, the electrochemical
stability after long-term cycling (after 500 cycles) is better than
the pristine Fe3O4 electrode. This is due to the protection effect of
the MoO2 shell that can buffer the volume expansion of inner
Fe3O4 during the redox reaction of Fe(III)⇌Fe(0).4. Conclusion
In summary, the FO-MO hybrid nanoﬁlm on Ti substrate has
been directly fabricated using simple hydrothermal and electro-
deposition methods. When used as anode material of SCs, the
binder- and additive-free electrode exhibits remarkable electro-
chemical performance. Beneﬁting from the optimized MoO2 de-
position, the FO-MO electrode shows excellent cycle-ability
(230.8%, 1000 cycles) and high areal capacitance after activation.
Moreover, our work demonstrates that Fe3O4 can store energy
electrochemically with redox peaks in neutral electrolytes, which
holds great promise in iron oxide thin-ﬁlm electrodes and may
stimulate the exploration of other related metal oxide electrodes.Acknowledgements
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